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ABSTRACT
A relatively simple method has been developed to optimize the location,
temperature, and heat dissipation rate of each cooled shield inside an insula-
tion layer. The method is based on the minimization of the entropy production
rate which is proportional to the heat leak across the insulation. The re-
sults show that the maximum number of shields to be used in most practical
applications is three. However, cooled shields are useful only at low values
of the overall, cold wall to hot wall absolute temperature ratio. The
performance of the insulation system is relatively insensitive to deviations
from the optimum values of temperature and location of the cooling shields.
Design curves are presented for rapid estimates of the Ic.ations and
temperatures of cooling shields in various types of insulations, and an equa-
tion is given for calculating the cooling loads for the shields.
Ill
NOMENCLATURE
A Area of heat flow, nr
Cp Specific heat of the boiloff vapor, kJ/kg«K
D Functional defined by Eq. (14)
F Functional defined by Eq. (13)
hfg Latent heat of vaporization of the boiloff liquid, kj/kg
k Thermal conductivity, W/m-K; with subscripts, coefficients in Eq. (1)
L Overall thickness of insulation, m*
m,n Exponents in conductivity function, Eq. (1)
P "'V'C' temperature ratio
q Heat flow rate, W
R Tr_/TH, overall temperature ratio
s Dimensionless entropy production rate defined by Eq. (5)
•
S Entropy production rate, W/K
t Thickness between walls with single shield between, m*
T Absolute temperature, K . •
x Distance from cold wall, m*
x' Distance from cold wall in a multi-shield configuration, m*
X x/t, dimensionless distance*
X' x'/L, dimensionless distance*
Y Defined by Eq. (8)
Subscr ipts
C Cold wal l





TFor systems with single shield L = t, x = x', X = X*.
INTRODUCTION
The search for ttie ultimate, energy efficient insulation system has led
.in the past few years to a fascinating rediscovery and application of some
fundamental concepts of thermodynamics: specifically, the second law and the
use of entropy production rates and availability (or exergy) for design
optimization purposes. The classical approach has been to minimize the heat
flow between surfaces at different temperatures.
The concept of a single vapor-cooled shield in an insulation has been
treated theoretically as far back as 1959 in Scott's classic textbook on cryo-
genics [1] and designs employing them were described not much later [2],
Paivanas, et al., obtained a patent [3] and later reported on the use of uni-
formly spaced multiple shields which were cooled by the boil-off from the in-
sulated dewar [4], Eyssa and Okasha [5] considered only radiative heat ex-
chanye between shields and minimized the total refrigeration power required.
H i l a l , et al., [6,7] used a similar minimization of refrigeration power as the
design basis. Related works were reported by Bejan, et al., [8-11].
Recently, Bejan [12] proposed a new point of view, based on the second
law of tnermodynainics, which considers thermal insulations as dissipators of
useful mechanical power (i.e. the availability or exergy) or, alternately, as
generators of irreversibility or entropy. Thus, in this method, optimization
of an insulation corresponds to minimization of either the entropy production
rate or the irreversibility, or the decrease of availability. Various
applications of this concept to insulation systems have been documented sub-
sequently [13,14].
Our work grew out of an examination of Cunnington's paper [13] who
utilized a numerical technique to find optimum temperatures at given locations
for one and two shields for a thermal conductivity function of the form
kjT^* . Although several equations seemed to be incorrectly printed we have
found two of the design curves to be essentially correct. Thus, our purpose
was
1. To develop a simple optimization technique;
2. To generalize the results to a broader class of insulations; and
3. To develop simple design methods for cooled shields.
The essentials of this report were already published [15],
ANALYSIS
We accept the previously developed concept that to optimize an insulation
system is equivalent to minimizing the entropy production rate. In addition,
we assume .one-dimensional heat flow and that the heat capacity of the boil-off
gas is adequate to do the cooling for all shields and does not impose a re-
striction on the optimization. In contrast to Rejan [9,11] who has developed
a constrained optimization based on the heat capacity of the boiloff we employ
the argument that in all practical systems the boil-off is generated by
cooling of some equipment in addition to the heat leakage across the
insulation.
Parallel heat paths, e.g. supports, have not been considered. However,
each path can be optimized separately using its own thermal conductivity
function. Then a design decision has to be made whether the two structures
should be independently cooled at their respective optimum conditions.
We examine the general situation of an insulation where equivalent ther-
mal conductivity, k, can be expressed as a two-term function of the absolute
temperature
k = k^171 + k2Tn (1)
where, typ ica l ly , the first term represents aci-al conduction with m - 1 and
the second term represents radiation with n * 3. In the fol lowing, m and n
can be any value except -1.
The heat f low across a layer of insulation can be expressed in terms of
Four ier 's law
q dx = Ak dT (2)
Substituting k from Eq. (1) and integrating across a layer from one end
at 1, to the other at 2, yields
t k
" ^ 1 ^ + n + 1 ^ 2 " ^ 1 ^" ^
Now consider the insulation with a cooled shield at T$ located at x
between a hot surface at TH and a cold one at TQ, separated by the insulation
thickness, t, as shown in Fig. la. The entropy production rate for the
insulation can be determined from the heat flows and temperatures as follows
^-T^-T + T1 (4)
'H 'c 's
where qs = qH - qc.
The heat f low terms can be expressed in the form of Eq. (3) and the re-
sult ing express ion can be non-dimensional ized using the following terms
s = |L_ where ku = k at Tu, (5)AkH H H








The resulting equation is
•I-jf { [ (PR)m * l - (PR)m - 1 * (PR)"1 ]
fl
 - (PR) n - 1 + (PR)'1 ]}






 . 1 + p'1]} (10)
Since R, the overall temperature ratio, is generally known, s is a func-
tion of P and X, and its extreme value can be found by differentiating it with
respect to each variable separately and setting the results equal to zero.
This procedure yields two equations to be solved simultaneously: 3S/3P = 0 and
3S/3X = I). Because of the regular form of the expressions, one of the final
two equations contains only a single unknown as follows:
Rm F(m.P) + Y R" F(n.P)
lRm~l D(m,P) + Y R"'1 D(n,P]2
= F(m,PR) + Y F(n.PR)
CD(m.PR) +
 Y D(n.PR)] 2
(ID
X . R1"'1 D(m.P) + Y a""1 D(n.P)
1-X D(m,PR) + Y 0(n,PR)
where the following functional were used:
F(b,B) s Rb+1 - Bb - 1 + B'1 (13)
D(b,B) MB + 1) Bb - bB0'1 - B"2. (14)
Thus, to find the optimum temperature and location for a shield, Eq. (11)
can be solved for P, and then X can be calculated from Eq. (12). The heat to
be removed by the shield, q$ = qH - qc , can be found, as before, from
Eq. (3). In dimensionless form the equation becomes
1 - (PR)"1*1 + y[l - (PR)"*1:
1 - X
(PR)"*1 - R"*1 + YCCPR)"*1 - R"*1]
For m u l t i p l e shields t< represents the distance between the two surfaces
surroundiny the i-th shield on either side, T^ ^ and Tp ^ are the temperatures
of these two surfaces, X^ = x^/t,- is the location of the shield relative to
t;, and K\ is the location of the shield relative to the cold wall as shown in
Fig. lb. To determine the optimum temperatures and locations for multiple
shields, first we assumed a temperature for the first shield next to the cold
wal l , then we used Eqs. (11) and (12) to find the temperature and location of
the second shield. This process was repeated for the rest of the shields and
the hot wall. Thus, each shield was optimized consecutively with respect to
the two surfaces on either side. With given values of the overall
temperatuare ratio, R, and of the number of shields, the process requires
iterative solution.
To put the results into proper perspective, the entropy production rates
can be compared to the thermodynamically minimum rate obtainable through spa-
v
tially continuous cooling. According to Bejan [12], this rate is
v
Sm,n = jt/ H U)1 / 2 T'1 dT]2. (16)
TC
* This expression was evaluated analytically for the single-term functions
of k, i.e. for y = 0, and numerically otherwise.
RESULTS AND DISCUSSION
The first set of curves, Figs 2 through 9, show the relative entropy pro-
duction rates for various thermal conductivity functions and for up to four
optimally cooled shields as functions of the overall temperature ratio
R = Tp/T,,. The curves show that the entropy production rate increases with
decreasing values of the temperature ratio, R, and with increasing values of
the exponent, m and n. Adding shields, of course, reduces the entropy
production rate; but for most of the practical temperature range, say
0.01 < R < 0.4, only three shields contribute to significant decreases and
adding a fourth shield can be considered unnecessary. No shields are useful
at high values of R; but this "high" range is strongly dependent on the
exponent of the temperature. The curves developed with k = kj T°'6 for one
and two shields were very close to those given by Cunnington [13], converted
appropriately.
Study of the results of two-term conductivities reveals that the curves
fall between those obtained for each of the two terms alone. If Y is small
the first term, T™, dominates; whereas if y is large (>10), the second term,
T0, controls. Thus, general conclusions can be drawn from examining the re-
sults of the single-term conductivities.
The second set of curves, Figs. 10 through 31, show the optimum
temperature ratios, T^/TH, and optimum locations, x'/L, of cooled shields as
functions of the overall temperature ratio, T^/T^, f°r various thermal
conductivity functions and with different number of cooled shields.
Figures 10 and 11 show the optimum single shield temperature ratios,
PR = TS/TH, and locations, X = x/L, for five conductivity functions. Both of
these functions generally decrease with decreasing R. The other figures in
this set show shield temperatures and locations for systems with up to three
shields and for both single-term and two-term conductivities. The results are'
strongly non-linear. For example, for k^T-* and R = 0.01, the optimum tempera-
ture ratios for three shields are about 0.09, 0.3, and 0.6 and the optimum
locations are about 0.05, 0.2, and 0.5. As is to be expected, our uncon-
strained optimization yields a somewhat better performance per shield than
Bejan's [9,11] constrained method.
The sensitivities of the entropy production rates to deviations from the
optimum values of PR and X are demonstrated in the last set of curves,
Figs. 32 through 35, for single shields. The sensitivity increases with'the
value of the exponents, m and n, but the curves are relatively flat near the
minima. A +20 percent change from optimum, for example, has negligible
effect. Thus, the system is relatively tolerant of deviations from the
optimum design conditions.
Calculations with two different conductivities on the two sides of a
cooled shield show that using the better insulator on both sides always yields
the optimum condition. However, if for some reason two types of insulations
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Figure 1 Schematic of the Nomenclature for (a) Single and
(b) Multiple Shields
HCurve Set 1: Figures 2 through 9
The effect of optimally cooled shields on
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Curve Set 2: Figures 10 through 31
Optimal shield temperatures and locations for various thermal
conductivity functions with different number of shields.
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Curve Set 3: Figures 32 through 35
System sensitivity to deviations from the optimum shield
temperatures and locations for two overall temperature ratios
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These two programs are essentially identical, but SEPARS is written in
PASCAL whereas SHIELD is in BASIC.
To allow for consecutive calculations of different systems, the program
always recycles to the starting point. Consequently, the first input
requested is either a 1, if a calculation is to be performed, or a 0, if no
more work is to be done.
Next the program requests input of the insulation's characteristics,
specifically, the two exponents of the temperatures in the two-term
conductivity function, the maximum number of cooled shields (<10) to evaluate,
the value of >, and the temperature ratio of the first shield to the cold
wall, P(l) = TS1/TC. The program calculates and presents the characteristics
of all optimal systems of cooled shields from one shield to the maximum number
specified in the input.
The flow chart and a program sample follows.
53
C B E G I N SEPARSj
ORIGINAL PAGE !9
OF POOR QUALITY
TO PERFORM COMPUTATION, ENTER 1. OTHERWISE. ENTER 0. READ PFC7
/ENTER INSULATION CHARACTERISTICS, NUMBER OF SHIELDS AND P C 1 3 /
IM1 « 1 - 1
IM2 = I - 2
SOLVE Rl!) ITERATIVELY
CALCULATE S C I 3 , 1C 13
ONE 'SHIELD ARRANGEMENT
ASSIGN L3m, TCHtn,
TSHtM, 14 CU AND
mm
L2tn = (i.o - / x t i i
TWO SHIELDS ARRANGEMENT
ASSIGN L4C2] AND TCHC2)
THREE SHIELDS ARRANGEMENT
ASSIGN L«[3) AND TCHI3]
FOUR OR MORE SHIELDS ARRANGEMENT
ASSIGN B AND L4M3
J • 2
B « 8 / nm
urn . L4m 4 Ej + i
ASSIGN L 4 C I 3 AND LO
J r 2
LO « LO / I1CJ]
J = J 4 I
ASSIGN LO, UtM AND TCHC H
J « 1
TCHCM = TCHtn / PCJ3
J * J * 1
ASSIGN L3CJ] AND XPLIJ]
J « J * 1
YES
TSHCU » TCHCIJ • Pt l 3
J - 2
TSHIJ] « TSHCJ-13 • PIJ3







TSHtl + n .1.0
T2tl) « TCHCIJ
T 2 t J 3 . TSHU-13
J * J * 1




OUTPUT THE HEAT REMOVAL RATE AND ENTROPY
PRODUCTION RATE AT EACH SHIELD ALONG WITH
OPTIMUM LOCATION AND OPTIMUM TEMPERATURE
FOR THE SHIELDS' ARRANGEMENT
J « J * 1
YES
CALCULATE QHOT, QCOLD AND SCOLD
CALCULATE STOTALII3
I
CALCULATE SMINCI3. STOTMINtH, SHAIU3, SHAXINCH
oe r
56
OUTPUT TCHCI3. QCOLD, QHOT. SCOLD,
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!• THE SHE OF ARRATS DETERRIKES THE PUIIHUH NUHEER OF SHIELDS
(• THE SIZE Or ARRATP IS EQUAL TO N5«l •>
(iittititiitifiiittiitiititiitttiiiititttitttiititii
(• •-» IP THICi: 11 REPRESENT THE SPACING <-- •>
(> --) BETWEEN (I-D-TH t (Ull-TH SHIELDS (-- 'i
( t l l t l l l t t t l l t t t l l l t t l l t t t t l t l M f t l l t l t l t t t t l l t l t t l )
T H I C I i U / T H i C I I M l '1
oumr VARIABLE •)
OVERALL INSULATION THICKNESS / THICXt!] RATIO •>
I-TH SHIELD / LOCAL COLD TEHFERATURE RATIO. ALWAYS ) 1 •)
1-TH SHIELD DIHENSIONLESS BEAT XEKOVAL RATE •>
I-TH LOCAL COLD / LOCAL HOT TEHFERATURE RATIO. ALWATS (1 ')
DIHENSIONLESS EKTROPT PRODUCTION RATE FOB I-TH LATER >)
I-TH SHIELD OIHENSIONLESS ENTROPT PRODUCTION RATE «)
DIHENSIONLESS ENTROPT PRODUCTION RATE ')
DIHENSIONLESS ENTROPY PRODUCTION RATE <)
sun i) ' SHIN: n •>
TOTAL DIKINSIONLESS EKTIOPT PRODUCTION RATE •>
STOTAltU / SMINtl] •»
COLD WALL I HOT WALL TEHPtRATURE RATIO. ALVATS ( I D
1-TH SHIELD ' HOT WALL TEMPERATURE UTiO. AlWATS l i t )
DUHHY VARIABLE "
DISTANCE rROR LOCAL COLD SHIELD ' TIICKIi} RATIO •)
DISTANCE FROR COLD WALL / OVERALL INSULATION THICIXESS »icn / (i.o-imi •>
ORIGINAL PAau '§
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(• 2» POVER IN THE THEUAL COKDUCTIVITT EQUATION ')
(• EQUALS K.I ')
(' KUKIER OF SHIELDS *)
(• PIOCIAH FLOV CONTROLLED •)
<• I-TH SHIELD I LOCAL HOT TEHPEIATUIE IATIO. ALVATS ( 1
(> HEAT OUT AT COLD VALL •>
(' HEAT IN AT ROT VALL •>
I* ENTROPY PIODUCTION RATE AT COLD VALL >)
(• DURKT VARIABLES •»
o oumr VARIAILES o
(• DURHT VARIAILES >)
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ENTER ---- ) H N NS CAJU PCi:
WHERE H ..... 1ST POWER IN THE THERMAL CONDUCTIVITY EQUATION'),
N ..... 2KD POWER IN THE THERHAL CONDUCTIVITT EQUATION1),
NS — - NVKBER OF SHIELDS'),
CAHA -- .0 IF USING ONE TERM THERHAl CONDUCTIVITY EQUATION'),
)0 IF USING TWO TEIH THERKAL CONDUCTIVITT EQUATION'),
PIH -- 1ST SHIELD I COLD VALL TEMPERATURE RATIO, ALVATS > 1'),
•'« ..iPUT OF DATA HEADING •)
<« PFCH ••)
TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0.'),


























BECIN (> SINGLE SPACE IN OVTPUT <)
W:TELK;' •>
END. (< SINGLE SPACE IN ODTPUT ')
FUNCTION r V R C I . E R E A L ) R E A L ,
m
A I E A L .
IEGIN (• COMPUTE IP'E D
A 'E'LMII!.
PVR =EIP(A)
END. (• COMPUTE II»«E •)
FUNCTION DIE,II.REAL) REAL,
BE:IN (• FUNCTIONAL D •)
D =(E.:.Cl«PWR(II.E)-E/(PWI(II.(l.|.E))
END. « FUNCTIONAL D •)
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:»« w:u prc=; DOi" BE;:K
2BC
23: (« THIS BIOCI IS USED TO INTVT THE INSULATION THERHAl COKDl/CTIVITT. ICUKBER •)






231 IF CANA>0 C THEN
»» VRITELNf THERJUL CONTUCTIvm OF THE IKSUIATION IS I « Itl'T"1 . H . 3 . 1 )
2 : 6 ELSE
2 i : i E C I N
212 Wl iTElH! ' THtlKll COKSUCTiVJTI Of THE INSUUTIOM IS I . l l « T « « ' . H 3 I.1 » IJtT"1 .H 3 I).
213 WI1TELNC I I 2 ' 1 H , 1 ) 3 K I 1 « ( N . 1 ) ) « T H O T « M H - H ) > '.CAJU f 2)
2 l < END,
2 U S I N C ' I S P K E .

























OF ponn ,l/?fcfc *£ 60





235 V2 «SQl<PW(Rm, ( l< - r . »M«D<H.Pm)»CWt t 'PVI ( l t n .<K- l 0) ) « D ( N . P ( !) I ) ,
23< V3 -501(0(11, P lUMJt t 'DtM.PniMriH.PlMAIU'FOI . P l ) > ,
237 C . . ( V 2 / V I U W ,
231 Ct »C'DD,23t IF cue o T«X GOTO i o o ,
240 IF GUI t THIN GOTO 2 0 0 ,2<: cc i i -o n«cc ,
242 IF ABS'CCMO 000001 THEN GOTO 300,
243 DC «-DD.244 tot R[i]..u:tj»cc.
145 IF < i ; i : > 0 M M M ) OB ( I t l W . O O O O O U THEN2 4 4 B E C : N
24? 8i i : iR tn -0 f ' C C .
241 CC =« 1'CC
:<' Etc.
250 lOO COUKT iCOWTtl,is : turn (cut 0) OR U B S I C C H O O B O O O ; ) ,
2!J
25!





:s; s::.1 ssru/is J»GAHA«HP;/HHI/HP:,
240
:<; (> !N THIS BLOCK VARIABLES UtE ASSICNEC FOR DIFFERENT SHIELD COMF1 CU1AT!ONS <>
















B = : o,
14::) =o a,






2'4 L4CH .L4IUM1 0-IU1)*! 0,
2T? 10 tl.B-ZCl!.
27! FOR J «2 TO IK1 DO LO tlO/IHJl,
2 : 9 L O I L O / 2 U 1 .is t u;r. » L « t i m o ,
:i : TCH:H s H i n .
2J2 FOR J >1 TO m DO TCKtM .TCHtlJ/PtJ).
213 END
215 BEGIN




MO IEGIMit: 14(2} .iUMi.e-im>/it2i.
2'3 END.
2 M L 3 U 1 . L 4 C H ,2n I P L I I I
2t4 FOR J .2 TO I DO
2 '? B E G I N
2 ? l L J i J ) . L 3 t J - l ) / L : t J ) .
2 ' ? IP l t J ) • • i n t J - l ] « I U J / l l C J ]
300 END,
301 T S H £ i : : . T C H t ! J « F t l l .

















































































T S H C U l l r ' . . C ,










NUMBER Or SHIELDS = '.Ml;








FOR j =2 TO i DO T2(J] .TSHIJ-H,
xi;»if«i o-ifij,
(> IN THIS BLOCK DIRENSIONLESS HEAT 1EKOVAL AND EXTROPT PRODUCTION RATES ')
(• ARE CALCULATED FOR EACH SHIELD »
TOR J =1 TO I DO
B E G I N
2 ; . • I t P W R l T S H I J . J . H P l l - P V R l T S H t J M f f n i n S t J t l J / I l J . n - i r W I i T S H J J l . H P D . r W K T l t J l . W D l ' l J t J J / J I J J l / H F l .
22 « ( ( P W R i T S H t J » l ! . N P l ) - P W R i T S H r J 3 . K P ! ) ) | l 3 t J « l ] / I [ J « t : - l F W H l T S H t J 3 , l f f l ) - P V R ( T H J ] . M T ! ) l « l 3 i J ; / I [ J l ) / m iQ!J: s ( 2 l . C A K A « I 2 ) / : i 0 » C A H A » N P 1 / H P 1 ) ,
S!SH[J! s Q i J J / T S H i . 1 : .
. WRITELNC SHIELD ',J.2,' VS.QtJl ».$.' ' ll.SISHIJ] .».$.' ' .»,IPLI JJ • t. J,' VS.TSHUJ » 5),
ENS.






STOTAlt : : sSCOLD-QHOT.
FOR J si TO I DO S T O T A I I I I *STOTALm.S!SHtJ],
S K I N i i : « S ; K P S O N ( T C H t I J I .
STOTHINt :} *STOTA::n<S«!Nm,

































COLD WALL / HOT WALL TEWERATVRE RATIO
HEAT OUT AT COLD WALL
HEAT IN AT HOT WILL
ENTHOPT PRODUCTION RITE AT COLD WALL
EHTROPI PRODUCTION UTE AT HOT WALL
HINimffl ENT10P! PRODUCTION RATE
HAIimm EHTROPT PRODUCTION RATE
TOTAL EHT10PY P10D RATE WITH ',!.],' SHIEL S
UIIHVH / HINimm ENTIOPT PIODUCTION RATIO








N NS GAHA PC13
M 1ST. POWER IN THE THERMAL CONDUCTIVITY EQUATION
N 2ND. POWER IN THE THERMAL CONDUCTIVITY EQUATION
NS NUMBER OF SHIELDS
GAMA — -0 IF USING ONE TERM THERMAL CONDUCTIVITY EQUATION
>0 IF USING TWO TERM THERMAL CONDUCTIVITY EQUATION
PC 13 — 1ST. SHIELD / COLD WALL TEMPERATURE RATIOf ALWAYS > 1
3.0 2.5 1S.O








ENTROPY PRODUCTION OPTIMUM OPTIMUM
RATE . LOCATION TEMPERATURE
SHIELD 1 0.43837 1.85659 0.36744 0.23611
COLD WALL / HOT WALL TEMPERATURE RATIO
HEAT OUT AT COLD WALL
HEAT IN AT HOT WALL
ENTROPY PRODUCTION RATE AT COLD WALL
ENTROPY PRODUCTION RATE AT HOT WALL
MINIMUM ENTROPY PRODUCTION RATE
MAXIMUM ENTROPY PRODUCTION RATE
TOTAL ENTROPY PROD. RATE WITH 1 SHIELDS
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO











TO PERFORM COMPUTATION ENTER 1. OTHERWISEr ENTER 0.
ENTER
WHERE:
N NS GAMA pen
1ST. POWER IN THE THERMAL CONDUCTIVITY EQUATION
2ND. POWER IN THE THERMAL CONDUCTIVITY EQUATION
NUMBER OF SHIELDS
»0 IF USING ONE TERM THERMAL CONDUCTIVITY EQUATION
>0 IF USING TWO TERM THERMAL CONDUCTIVITY EQUATION





1.0 090 2 0.0 25.0
THERMAL CONDUCTIVITY OF THE INSULATION IS K « K1*T«*1.0
NUMBER OF SHIELDS « 1












SHIELD 1 0.75466 7.03151 0.35870 0.10732
COLD UALL / HOT WALL TEMPERATURE RATIO
HEAT OUT AT COLD UALL
HEAT IN AT HOT UALL
ENTROPY PRODUCTION RATE AT COLD WALL
ENTROPY PRODUCTION RATE AT HOT UALL
MINIMUM ENTROPY PRODUCTION RATE
MAXIMUM ENTROPY PRODUCTION RATE
TOTAL ENTROPY PROD. RATE WITH 1 SHIELDS
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO













NUMBER OF ITERATIONS 36
HEAT REMOVAL
RATE












COLD UALL / HOT UALL TEMPERATURE RATIO « 0.000806
HEAT OUT AT COLD UALL * 0.001162
HEAT IN AT HOT UALL = 0.940073
ENTROPY PRODUCTION RATE AT COLD UALL «° 1.440716
ENTROPY PRODUCTION RATE AT HOT UALL = -0.940073
MINIMUM ENTROPY PRODUCTION RATE - 3.921467
MAXIMUM ENTROPY PRODUCTION RATE = 619.477774
TOTAL ENTROPY PROD. RATE UITH 2 SHIELDS « 7.920388
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO = 157.970919
TOTAL / MINIMUM ENTROPY PRODUCTION RATIO * 2.019751
? 0
TO PERPORM COMPUTATION. ENTER 1. OTHERWISE• ENTER 0.
0.175 CP SECS. 124156 CM USED.
ORIGINAL PAGt 19
OF POOR QUALITY 64
PROGRAM SHIELD
: ooo io un THIS :s A -IASIC' HOCIAH TO CALCULATE opTimm TMNIATVRES.
i 10020 IEH LOCATIONS, AND COOUNC LOADS FOR COOLED SHIELDS IN 1 CITOCEHICi 10031 IEH INSULATION STSTEH WHOSE TXEUUI comucTivm roiLovs THE IELATION
4 0 0 0 4 0 IEH C.Cl'T'W » CI'T'NI
5 00145 IEH MDIFIED IN UTt NOV 1M2
i 00050 IEH
7 00140 REH D E F I N I T I O N OF STFBOIS USED
I 00070 REN
f 00010 REH COLD-SIDE VAIL TMPERATVRE TO
10 OOOtO IEH VARH-SIDE WALL TEMPERATURE Tf
-.1 00100 IEH SPACINC IETVEEN SHIELDS AT !»l AND M IK!)
11 00110 REH OVERALL THICINESS OF IMSULAT10N L
13 00120 REH LOCAL SPACING RATIO, LIU >/ l i (1-1) L2(I)
M 00130 REH OVERALL SPACING RATIO, L/LKD 14(1)
IS 00140 REK 'DISTANCE FROK COLD VALD'L 15(1)
K 001SO REH i-TH SHIELD TEHPERATVRE Till
I? 3014D REH :-TH SHIELD POSITION RATIO III)
10 00:?0 REH I-TH SHIELC TEHPERATURE RATIO P(I) (ALVATS ill
:» 00100 REH :-TH COLO-VARH TEHPERATVRE IATIC 1(1) (ALVATS (1)
20 OOlfO REH I-TH OIHENSIONLESS ENTROPT PRODUCTION RATE S(!)
3: 05:V5 REH !-TM DIHENSIOKLESS HEAT REMOVAL RATE 0(1)
2: 002J REH TOTAl DIHENSiONLESS ENTROPT PROD RATE. S2(I)
23 90220 REH HINIHUH ENTKOPT PRODUCTION RATE. SOC)
24 0023J REH ENT80?! PROD RATI VITHO'JT SHIELDS S»(!)
2: 00240 REK EKTROF! PROD RATE RATIOS 53 = 52/50 AND SOS?/SO
21 OC:<0 REH Ki/HBER OF SHIELDS H i: OR (10)
27 »0:i? REH
» oiu! CIH • : ' . i o i . ! , f ( ; c i . )
:» 002 :0 pRr i r r - •
3-3 00210 PRINT "INPUT ! IF TORE WORK IS TO BE DONE, 0 IF FINISHED13: »c2«o ;N.SIJT A
31 S0300 IF Att THEN 013503! oo : ;o PRINT -iNPirr H O . N O . H . C A H K A t • ( ! > •
34 00320 INPUT HO.NO,H,CO,P(1)
35 0032! DEF FNSi! i«(.10*l !«!'HO-HO/ (f (1-HO) I-1MT«Y)
U 3032S EEF FNEl»!r(NO.;1'T'NO-NO/(T1:i-Nfl!)-l/!T'T)
3' 00335 j£? FNF;y,ry(HO«:;.T'Hfl»i;T-l
38 30340 DEF FNCiV'xT' (NO-1'-T'NO + 1/T-I
3' 05310 PRINT " EIPONENT .tOs-.HC," EIPONENT NO:',NO," CAHHAr'.CO
40 50315 *;=HC.'.
41 0035! N:=NC*i
42 30360 FOR U: TC H
43 00370 ;:«;-;
4< 00!!.' !2r.-2
45 003*0 SO= 001001
4« 90400 :-. :
47 00410 3«!
<l 00420 P l s F ( I > « R ' : >
4» 0043C tfU(Ri;)'HO«FNF(P(!))*CO»R(I)'NO«FNC(P(I)))
5! J0435 ««: (R(I!-(RQ--nFKl(P(I)>«CO«R(I)-(NO-n«FNE!Pii)!)-!l
51 00431 V3 = -('.FND<P:>«COtFNE!P;>r2>/(FNF(Pl)«CO>FNCiFl)<
52 0043« C»V2/tf:«V3
53 00440 Cl'C'D14 00450 :F :r.o THEN oosoo
SS 004»0 IF C!<0 THEN 00570
5i 00470 C«- i«C
57 004IC IF ABS.!' 00000! THEN OOS70
IB 00498 D«-0 "~ "
5» 3050J S(!;»SC-»C
10 00510 IF R(i. ) 0 MM»» THEN 03S40
(1 OOS20 IF R(I) < 0 000001 THEN 00540
12 00530 GOTO 00423
43 00540 R(!i>R'!>- »'C
i4 00550 C« '.«C







72 OOiOO IF 1)1 THEN 00470
73 00413 L3!1)>1
7 4 10420 R O U U R U )
65
ORIGINAL PAGE 13
"!!!!! IluM1"""1' OF POOR QUALITY
77 00150 L S U I t K i )
71 O O i i l GOTO 11130
71 00170 i 2 U ) i l l - M - l » / I < n
1C 00110 IF 1)2 THEN 00720
11 OOlfO 14(2),Ml.(1-1(1)1/1(21
12 00700 RO(2'tR!2)'P(l)
13 00710 GOTO 00*30
14 00720 if I>3 THEN 00710
Ii OOT30 U(3J.l»,!-I<:M«<l-I(2»/<K2l«I;3)>
II 00740 IO<3!=S(3)/(PC)«P(2)>
17 007JO CCTO 00930
II 90710 Mi » 0 0 7 7 0 i 4 ; i ! s o
»0 0 0 7 1 9 FOR Jt2 TC !2
? 1 0 ) ' » 0 B = B / I l v J )
• 2 9 0 I C O l 4 ( : > t l 4 ( I ) . B
•3 0 0 8 1 0 NEIT J
« 4 O O C O l 4 ' . P t H ( ! ) i ( : - K ; ) M
»e 3 0 M J F:R :*2'To ii
r 0 0 1 5 0 L O = l o / I : i J ;
«« oo'ro :os i : " i ( i ;
:o\ oo'i'c i ; - i : i s i : i
"OR ;.-! :o i;
: : 3 o : « : e » : • ! i t R o > : i / P . J )
i«4 :0»2! N E 2 T j
: os o o « 3 : :3 i : : .L4!: i
Ui 03M! L 5 - ' l ) « I - . : ; / l 3 { : )
!0" 00»5v :0fi J=2 TO 1
:!! C 0 « 6 0 1 3 ( J ) = L 2 ! J - 1 ) / : 2 ;
. •: O D ' I O N E 2 T J
: : ::??: T: . : : = R 5 ; > » p c >
. ; 3 : 5 0 0 FOR J=2 TC i
: '. 0 ' . C 3 : T: • • « ! ) : !
; j o ; o 4 o ?».:rr •
i • o ;s ;c P R I N T - :=- :
1 I O l O i i PRINT' '
I ' ClO'C ?2i:.s»0i:)
.20 01060 FOR J«J TO I
::: O i O « c T2.J-»::(J-
122 01,00 NEIT J
123 or.:; I3<un=i3(
124 51104 |;:.1;«1.I!





120 01140 PRINT' .'.-.J.1 Q«';0(.M,' SU'.SI(J);" tS«'.t5(J).' T/TK'.TliJ)
;3i 01150 NEIT J






1!B Or.12 REH CitCULlTIHC OATH TO GET SKIN
13t 01113 D:U-RO(I))/100
140 01114 FOR L»l TO !51
142 Olili T(llt(C'.l)-KO«CO«Nl/Hl*C(irNO)-0
143 or.i: NEH :
'.44 01-.70 FOR J.I TO 1
145 OHIO 3!(l!.S2lIUSl(J>
141 01200 NEIT J





















« i 2 0 <
0120:










0 1 2 » 0
0 1 2 » !
3 :2 ' J
::2'3
3 1 2 » 5
S :2« '
5 : 3 0 C
O l - o :
H 3 0 45 : 3 : o
0 : 3 2 ;
: : ;3C3 : 3 4 00 : 3 5 0
- E C P
FOR n=j TO noir i / 2 » ; K T ; i / j ) THIN 0120?




S O U ! » ' i D / 3 H ) - 2 ) / ( l . C J " N l / M l )
S 3 ( ! > t S 2 < ! > / S O U )
POORru
















COLO VAU/HOT VAU TEKPIRATURt IATIC, TO/T^'.ROi 1 1
HEAT OUT AT COLS Hll.'.QO.' HEAT III AT WARM WAl
ENTROPT PRODUCTION RATE AT COLD WAIL.'.SI
EKTHOPY PRODUCTION RATE AT VARH VALL«',.-Q»)
HINimm ENTROPY PRODUCTION IATE. SOs'.SOU)
EKTSOP? PRODUCTION RATE FOR" , I ."SHIELDS, S2«".S2(!)
RAIimm EKTROP? PRODUCTION IATE. S»«',5»(I)





This program solves the original, complete, constrained optimization
equations developed in Ref. [9] without the simplifying assumption suggested
there which eliminated the dimensionless parameter, hfq/CpTH. Only single-
term thermal conductivity functions were considered in this analysis.
This program also recycles to the starting point. Consequently, the
first input is either a 1, if a calculation is to be performed, or a 0, if no
more work is to be done.
Next the program requests input of the insulation's characteristics,
specifically, the exponent of temperature in the thermal conductivity
function, the number of cooled shields, the dimensionless parameter hfg/CpTH
for the boiloff from the insulated container, and R = TC/TH.
The output specifies the optimal characteristics of the given number of
shields with the constraint that the cooling capacity is limited to the boil-
off of the liquid due only to the heat leak through the insulation itself.




/TO PERFORM COMPUTATION, ENTER 1.OTHERWISE, ENTER 0 R E A D PTC./
ENTER INSULATION CHARACTERISTICS, NUMBER OF SHIELDS
HFC / (CP • THOT) AND TCH
d>
A S S I G N T S H G C H ' S W H I C H A R E T H E I N I T I A L
C U E S S E S FOR TSHUJ 'S
COUNT r 0
EPS = 1 O E - 1 0
COUNT S COUNT * J
ASSIGN ELEMENTS OF THE TRIDIACONAL
MATRIX Am, Bm, cm AND ALSO om
B A S E D ON T S H C t H ' S AND OTHER DATA
SOLVE THE SYSTEM OF EQUATIONS FOR
THE TSHtlJ'S USING THE TRIDIAGONAL
MATRIX SOLVER
CALCULATE DIFFHAI, THE MAZIMUM OF
ITSHC13 - TSHCCDI I « 1, . . . . .NS
IS OIFFHAZ ) EPS * <D
69
T S H C r i ) * TSHtnI « I + 1
SOLVE FOR XPLU3 'S
CALCULATE Q C I 3 , SISHm
OUTPUT THE HEAT REMOVAL RATE AND ENTROPY
PRODUCTION RATE AT EACH SHIELD ALONG WITH
OPTIMUM LOCATION AND OPTIMUM TEMPERATURE
FOR THE SHIELDS' ARRANGEMENT
YES
CALCULATE QHOT, OCOLD, SCOLD, STOTAL,
SHIN, STOTMIN, SMAZ AND SMAXIN
i
OUTPUT TCH, OCOLD, QHOT, SCOLD, SMIN
SHAX. STOTAL, SHAXIN AND STOTH1N
 y




























J. C. CHATO I J. M IHODADADI
Or MECHANICAL t INDUSTRIAL ENCRG.
Or ILLINOIS AT VRBANA-CHAHPAICN



















(• THIS PASCAL PROGRAM WAS DEVELOPED TO OPTIMIZE THE •>
>'« LOCATION. TEMPERATURE AND MEAT DISSIPATION RATE <>
(• Or EACH COOLED SHIELD INSIDE AN INSULATION LATER ')





























































THE OBJECTIVE HAS BEEN TO SOLVE THE SET OF 2«KS.l •)
NON-LINEAR EQUATIONS OBTAINED BT BEJAN, A. "DIS- *>
CRETE COOLING OF LOW HEAT LEAK SUPPORTS TO 4.2 I,' •>
CRYOGENICS, VOL 15. 1I7J. PP 290-292. •)
SOLUTION IS BASED ON THE NEWTON-IAPHSON TECHNIQUE •>
DISCUSSED BY STOECKER, W. F , DESIGN OF THERMAL •)
SYSTEMS.2ND EDITION, SECTION 4-11, PP 117-119, M
































THE SHE Or ARIATS DETIRHINES THE NAIIHUX NUKECR OE SHIELDS •)
THE SIZE Or ARRAYP IS NS*i >/
THE SIZE OP ARiATT SHOULD BE TWICE THE NUMBER Or SHIELDS <)
LOVtR-OIACOKAl ELEMENTS OF THE TRIDIACOHAL IUTRII •>
DIAGONAL ELEMENTS OF THE TR1D1ACONAL HATRII •)
UPPER-DIAGONAL ELEMENTS OF THE TR[DIAGONAL HATRIZ •)
IICHT-HAND SIDE OP THE SIT OF EQUATIONS DURING ITERATIONS t)
I-TH OIHENSIONLESS HEAT REMOVAL BATE <)
DIHENS10NIESS HEAT TRANSFER BETWEEN SHIELDS <)
DIMEKSIONLESS ENTROPY PRODUCTION IATE FOR I-TN LATER •)
lUIimm DIHENSIONLESS ENTROPY PRODUCTION RATE ')
MINIMUM DIHINSIONLESS ENTROPY PIOOUCTION IATE •)
SHAI / SHIN •)
TOTAL CIHNSIONLESS ENTROPT PRODUCTION UTE •)
STOTAL f SHIN •)
I-TN DIHINSIONLESS ENTROPT PRODUCTION IATE ')
I-TH SHIELD / HOT WALL TEMPERATURE RATIO, ALWATS (ID
GUESSED I-TH SHIELD / IOT WALL TEMPERATUIE RATIO, ALWATS < 1 >>
OVKHT VARIABLES ')
SPACING BETWEEN NEIGHBORING SHIELDS I INSULATION THICKNESS •>
DISTANCE riOR COLD WALL / INSULATION THIC1NESS •>
1(11 / HMD •>
(I(t oinrtrr r i L E TO BE USED ir D E S I R E D oPARAMETER DENNED IN PROCEDURE INPUTH • I
ORIGINAL PASS &










































































P R C C E C V R E INP'.TK.
W R I T E I N ,
W K l T t L N . '
W R : T E : N : '
W R l T i L N ' . 'WRITE:*- :W S I T E : N < -
W R I T E : * * '
W F . I T E L N '
W R I T E i N . ' ' )
EN2
c ounn viRuuE USED IN SOIVINC TME TSIOIICONAI RATRII o(• WIDER OF IHRATIONS KEEDEC TO OETEJUUNE TSHUl 'S >)
c oinnr URIAILES >>(i DUXHT VUIAILES USED IM CHECIINC COHVERCEMCt •)
(• DUIOf! VARIABLES OSED IN SOIVIHC THE niDIACOHAl Unil •)
C A SHALL VALUE USED TO OISERVE IF CONVERGENCE IS OITAINED •>(i oinrnr VAIIAILES •>
C DUKHT VARIABLE USED IN SOLVING THE TIIOIACONAL HATRII ')
(> INDICES FOR LOOPS •)
(• INDEI USED TO TERHINATE ITERATIONS •)
(i POVER OF THE THERMAL CONDUCTIVITY EQUATION •)
« EQUALS H-1 <)
(• EQUALS N«l •)
(• HUNBER OF SHIELDS •)
I* EQUALS NStl *)
(• PIOCRAH FlOV CONTROLLER •>
(< COLD WALL I HOT VAU TEKPERATOHt IAT10, AlVATS ( 1 <)
C DUKHT VARIABLES •>
(• BEAT OUT AT COLD VAIL •>
(• HEAT IN AT HOT WALL •)
(• ENTROPY PRODUCTION RATE AT COLD WALL «)
C SUH Of ItH'S, SHOULD EQUAL 1 AFTER SUCCESSFUL CONFUTATION •>
(« INPUT OF DATA H E A D I N G •)
ENTES —-i M NS BETA
WERE
TCH
H — - POVIR IN THE THERMAL CONDUCTIVJTT EQUATION').
NS — - NVHBEJ OF SHiELDS'i.
BETA -- HFC / (CP'THOT)'),
HfC — HEAT OF VAPORIZATION [J/KC31).
CP ---- SPECIFIC HEAT AT CONSTANT PRESSURE U/IC I]');
THOT - HOT WALL TEHPERATUHE IIC');
TCH --- COLD WALL / HOT WALL TEMPERATURE RATIO, ALWAYS ( I 1),









































TO PERFDRK COMPITATIOK. ENTER !. OTHERWISE. ENTER 0 ');
(• PFCH •!
PROCEDURE S:N;LE£?ACE.
si::* (• SINCL- SPACE IN OOTPITT «i
WITELNC ')
IKI t« SINGLE SPACE IN OUTPUT •)
FtNCTION PVSIII.E EEAL) REAL,
VAfi
A : IEAL,B E G I N ( • COMPUTE E I « « E « )
A
PVR
ENS. (• COMPUTE II"E
F U N C T I O N R A I O F 2 ( N C ! , N 0 2 R E A L ) R E A L ,






(• DETERMINES THE LUCEST OF THE TVO CIVEN KUK1ERS •)
M A l C r 2 . . N O l
Eh!>.
. - - . _
 7 2
OF POGrt Q-J -.-::*
<0
4;
t2 FUNCTION HINOFl!N01,K02.1Ei l>:mL;
43 I E C I N (' DETERMINES THE 5MAUEST OF THE TVO CIVEK NU10E1S •)
« ir NO! OHO: THEN



















t: W::E PFC=: DCit B:;:K
6'
Ji c TH:E BLOCC is USED TO INPUT THE INSULATION THERMAL CONDUCTIVITY, NUHBER •»






?; WR::E:K;' THERHAI CONDUIT: VITT or THE INSULATION is n = II«T««',M 3D,





61 HP: -.*•: D,
o: ««: =*.-: 0.
03
o^ •:• :N:T:AL JUESSED VALUES FOR TSHIH-S ARE ENTERED •)
•35
v i D E L T A T C = C f l - T C K i / ( N £ « : 8 ) ,
0" FOS .' =: TO N£ DC T S H C t J : « J«DEiTATC»TCH,
:!
:« <> VAR:ABLF USED re CHECK CONVERGENCE CRITERION is SET AND THE ITERATIVE PROCEDURE •>
(« OF NEVTOK-RAPHSON METHOD IS STARTED •)
E F E = : O E - : C ,
CDL'KT =5ITE»:K « o ,
R E P E A T
TOR !T! TO US DO
I BEGIN
v - •;; rTSHcn;.
2:- IF NS'.;: THIN
21 IF :<>: THEN
22 IF IONS THEN





















43 (• ELEMENTS Of THE TI10UCOHU MAT1II UE COMPUTED •)
44
4! ill! tPVH(CIP!.MPl>-PVmi.MI«<-M«CI»MPl»(TCH-BETA»;







,:3 n;n =o o.
54 ecus: •{.«,
55
it "THE TRIDUGONA: HATH 1 1 SOLVES IS SHOWN IN THIS BLOCK •>
• •• (• SEE VESTURE. J. R . 1 HANDBOOK OF NVHER1CAL MATRII •)
JJ (• INVERSION AND SOLITION CF LINEAR EOUATiONS, SECTION •)
5? t« 2 ?. PP 14-35. JOHN VI LET » SONS. IMC , NY, 1U« «)
4 C
i: :r £ i : : = o e TKEH core' s o c ,4; . BOL: S-:::: . 'B:::
t3 COL: = D : : : / E : : : .
»4 tfOR.'.::: rcc-::
i: :R:N SAEE-E:.!).
t« FOR ; =: TO NS DC
o? BEC:K
• c Diw =S:n-A:i!«Eo:s.
n :r c:w=o o THEN ;CTC ioo.
' 2 DflAI i N l X O F I O M A I . A S S O I V ! ; .
?: DC.1N s . H N C t l t D K I N . A B E i B I W ! ,
r < COLD s i D : ! : - A : : 3 « C O l ! ! : / D ; W









!6 << KEV'.T CALCULATED VALUES OF TSHCH'S ARE COMPUTED •)
e?
't FDR I il TO NE DO TEH.'!; sTSHStl J-TSH:i: .
»2 (• CONVE8IEKCE IS CHECKED. IF THE CRITEBION IS SATISFIED. THE ITERATION IS •)
:
: !• TERMIHATED. OTHERWISE THE NEWLT CALCULATED TSHiH'S ARE USED AS NEW •>
M (• CUESSES FOR ANOTHER SOUND OF ITERATION >>)•
•i ::FFnAi .1 OE-::.





52 IF Dirmii.EPS THEN
:3 ITERiM =1
34 EL.-C
05 FOR i .1 TO NS DO TSHC!!} «TSHtil.
Cs UKT:: ITERINSI.
57
36 (t IK TKIE BLOCK QUANTITIES USED IN DETERMINING THE SHIELDS' SPACINCS AIE COMPUTED •>
35
iO FOR : t: TO N£ DO
:•; BE::S
12 T: =TSH::;.
:: JF KOI THEN
14 IF KM THEN












































TCH OF POOR QL:AL:Yi!
TIH1: .TCH;
IRU; * < K P l « P V B < T I . H > « < T I - T I H l ) > / < P V R ( T I , H P l ) - P W < T l l ! l , l f P l »
END.
OCN = 1 t,
FOR ; .1 TO Hi 00 DEN •DEH'IICXS-MM .0;
MSP: .NS.:,
(• FIIUHT, SP1CINCS ir!VE£N SHIELDS 1HD OTHER QUANTITIES Of IKTEREST kK CALCULATED •)
1C! >! 0 / D E N ,
I P i t l j t i l l ] ,
1TOTAI t l M J .
ros : .2 TO NSP; DO
E E C 1 N
:r io«spi THEN IP:I :J
rw.




































FOR .' =: TO NS DC 5TOTA





DF SHIELDS r '.NS 2),
OF ITERATIONS = ', COUNT 2);
HEAT REMOVAL ENTROFY PRODUCTION OPTIKUK OPTiKUK1;.
RATE RATE LOCATION TEMPERATURE' ) ,
LP '.I.. 2.' 5,0:n-f 5.' ' K.SJSHtn VS.1 ':»,IPL;!3 f 5,' 'iS.TSHn: ».$i
L =5TOTAL»SISHtJ3;
,(R/2.0)))/(«/2.fl))
STOT«;N r S T c - T A i / S K i N .
SKAT =•. (! 0-PVR(TCH,HPi!!«(l.B/TCH-1.0)/HPl).
SKAIih =S,1U '5."!S.
S:NCLESPA:E,
VRI'ELN" COLD VALL / HOT VALl TEKPEBATUBE RATIO
VR:T:LN: HEAT our AT COLD VALL
VS-TELNC HEAT IN AT HOT VAIL
VSITELNi- EKTSOP! PRODUCTION RATE AT COLD VALL
VRITELNC ENTROPY PRODUCTION RATE AT HOT VALL
W-TEINC HINIWK ENTROPY PBOD1/CTIOH BATE
VS:TELN:' HAIIKUJ! ENTROPY PRODUCTION RATE
TOTAL ENTROPY PROD. RATE VITH ',NS 2,' SHIE OS
HAiinun ' HiNimm ENTROPY PRODUCTION RATIO















IF (DIVrO 0) OR (ItllrO 0) THEN
IECIN
SINCLESPACr.
V R I T E L N - 1 —) CHECI THE ASSEMBLY OF COEFFICIENTS TO BE USED IN TR!DIAGONAL UTRII < — ' ) ,
V R - T t L * ; ' - - - ) CHECK THE TRIBIACONAL HATR12 SOLVER ( - - - ' )
ENC.
IF ( A B i d T O T A L - 1 0) t 1 flt-5) THW
B E G I N
SINCLEiPtCE.
VRiTELNc ...) ITOTAL IS NOT EQUAL TO t.l < —').





«0 F F C H . !_. .
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? l




H POUER IN THE THERMAL CONDUCTIVITY EQUATION
NS NUMBER OF SHIELDS
BETA — HFC / (CPtTHOT)
HFG HEAT OF VAPORIZATION CJ/KD2
CP SPECIFIC HEAT AT CONSTANT PRESSURE CJ/KG K3
THOT — HOT WALL TEMPERATURE CK3
TCH COLD WALL / HOT WALL TEMPERATURE RATIO* ALWAYS 1
1.0 0.0145 0.001
THERMAL CONDUCTIVITY OF THE INSULATION IS K • K1*T**1.0
HFG / <CP*THOT) « 0.01450
NUMBER OF SHIELDS - 3
NUMBER OF ITERATIONS = 9
HEAT REMOVAL
RATE

















COLD WALL / HOT WALL TEMPERATURE RATIO
HEAT OUT AT COLD WALL
HEAT IN AT HOT WALL
ENTROPY PRODUCTION RATE AT COLD WALL
ENTROPY PRODUCTION RATE AT HOT WALL
MINIMUM ENTROPY PRODUCTION RATE
MAXIMUM ENTROPY PRODUCTION RATE
TOTAL ENTROPY PROD. RATE WITH 3 SHIELDS
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO











TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0.
ENTER





POWER IN THE THERMAL CONDUCTIVITY EQUATION
NUMBER OF SHIELDS
HFG / (CP»THOT)
HFG -— HEAT OF VAPORIZATION CJ/NG3
CP SPECIFIC HEAT AT CONSTANT PRESSURE CJ/KG K3
THOT — HOT WALL TEMPERATURE CK3





THERMAL CONDUCTIVITY OF THE INSULATION IS K • K1»T»»1.0

















COLD WALL / HOT WALL TEMPERATURE RATIO - 0.000806
HEAT OUT AT COLD UALL = 0.030677
HEAT IN AT HOT WALL = 0.818366
ENTROPY PRODUCTION RATE AT COLD UALL = 38.061092
ENTROPY PRODUCTION RATE AT HOT UALL = -0.818366
MINIMUM ENTROPY PRODUCTION RATE = 3.776103
MAXIMUM ENTROPY PRODUCTION RATE = 619.846992
TOTAL ENTROPY PROD. RATE UITH 2 SHIELDS * 40.708665
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO = 164.149921
TOTAL / MINIMUM ENTROPY PRODUCTION RATIO « 10.780603
? 0
TO PERFORM COMPUTATION ENTER 1. OTHERWISE* ENTER 0.
0.072 CP SECSr 11471B CM USED.
/BYE ;
3KMUFTC COSTS: 255.028 SRUS AT ».0059 <= «1.50
78
DESINS
This program optimizes the characteristics of a single cooled shield with
different insulations on the two sides. Only one-term thermal conductivity
functions are considered.
This program also recycles to the starting point; thus the first input is
1, if a calculation is to be performed, or 0 if no more work is to be done.
Next inputs are the characteristics of the two insulations, specifically,
the exponents of temperature in the thermal conductivity functions on the hot
and cold sides of the shield, a coefficient ratio ALFA (defined in the
program), the shield to cold wall temperature ratio, P = Tr/Tp, and the hot
wall temperature, TH.
The output specifies the optimal characteristics of the cooled shield as
well as other, related information.




TB E C I N DESINS
PERFORM COMPUTATION. ENTER 1. OTHERWISE, ENTER 0 READ PFC ./
•0
ENTER THE TWO INSULATIONS' CHARACTERISTICS, P
AND HOT WALL TEMPERATURE
SOLVE TCH ITERATIVELY
CALCULATE M AND Z
I
CALCULATE OHOT, QCOLD, SCOLD, STOTAL
SISH, SHIN1, SMIN2, SMAX1 AND SMAX2
OUTPUT TCH, TSH, QCOLD, QHOT, SCOLD,
SISH, SHIN1, SHIN2, STOTAL, SMAX1 AND SMAZ2
TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0. READ PFC
YES















































































j c. CUTO i j. M
DIPT Or MECHANICAL i INDUSTRIAL EKCRCimiv or IUINOIS AT URBANA-CHAKPAICN













































(• THIS PASCAL PROGRAM VAS DEVELOPED TO OPTIMIZE THE •>
(• LOCATION, TEMPERATURE AND HEAT DISSIPATION RATE
(• TOR A COOLED SHIEL9 IN A CRYOGENIC INSULATION
(• SYSTEM VH05E THERMAL CONDUCTIVITY US THE
ON THE HOT SIDE,
ON THE COLD SIDE
(i
THE NETHOD IS BASES ON THE MINIMIZATION Of THE
ENTROPY PRODUCTION RATE WHICH IS PROPORTIONAL TO































































SHIELD ' COLD VALL TEKFERATVRE RATIO, ALVATS ) 1
KAIIHUH ENTROPY PRODUCTION RATE RASED ON II<T"H
MAI I mm ENTROPY PRODUCTION RATE RASED ON E2«T"N
PIINinVH ENTROPY PRODUCTION RATE BASED OK ll'T"H
HUI mm ENTROPY PRODUCTION RATE RASED ON I!«T«'N
TOTAL DIHENSIONLESS ENTROPY PRODUCTION RATE •>
D1HIKSIONLESS ENTROPY PRODUCTION RATE AT SHIELD
COLD VAIL / HOT VAIL TEKPERATURE RATIO. ALVAYS <
SHIELD ' HOT VALl TEMPERATURE RATIO. ALVAYS < t
DISTANCE nOH COLD VALL / THICINESS RATIO >)
I I (l.l-I) •)
DUMMY VARIABLE •)




INDEI TO nUINAn THE SEARCH rOI TCK •)
POVII Or THE THERJUI CONDUCTIVITY ON HOT SIDE •!
IOUALS M»l 0
KVtR Or THE THUMAl CONDDCTIVITY ON COLO SIDE «>
EQUALS N.I i)
PROCRAfl riOV CONTIOLltR »
8EAT OUT AT COLD VAIL •>
IEAT IN AT ROT VALL •)
DTTROPY PRODUCTION RATE AT COLD VALL •>
OUTPUT PILE TO BE USED IP DESIRED •>
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(• INPUT Or DATA HEADINC •>
ENTER — > H N ALFA P TOT
WHERE. H POWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE ROT S I D E ' ) .
R POWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE COLS S I D E ' I .
ALF1 -- [ I 2 » ( K « 1 ) J / ( E ! ' < * « 1 > } ' > .
P S H I E L D / COLD V A L L TMPESATU1E R A T I O , ALWAYS > D.
THOT — HOT W A L L TEMPERATURE C D ' ) ,
(• INPUT Or DATA HEADING •)
< • PECK « i
TO rmOM COHPUTATI3K. ENTER 1 OTHERWISE, ENTES I '),
( • P F C H « ) '
PSC' .EDUm 5 ; W t E S P A C E .B E : ; N i t S IHCU SPACE IN OITTPITT •)
r t . ' T I I K C ' )E.N:. !« S I N G L E S P A C E IN ouTPirr •>
•UNCTION PVR II.£ REAL 1 REAL,
Hf.
A REAL.
BEGIN (• CONPUTE II«'E
A .E
PV8








fUNC-ION ClE.II 8EA1; REAL,
JI;:K i» FUNCTIONA: c »
D = > [ - , Ji'PVR::i.E)-E/:PVR:II,(l 0-E»)-(1 O'SOKID)
ENi. (• rUHCTIONAl D «.
fUNCTION f(E.II IEAL/ REAL.B E : : N c ruNCTiowL r «i
F « ( ? V R : » . ( E . l O M i - P V I K H . E I - l ••(! 0 / X I )





















> UIN PROCUR BOOT •)
30
(' THIS BLOCK IS USED TO IMJ7T THE TWO INSOLATION THEIBAL CONDUCTIVITIES, ')





VIITEINC THEUUL CONDUCTIVITT OF THE INSOLATION Ott THE BT SIDE IS I « I1<(T" ' .B J 1.




























CC . 0 1 ,
OD >l I ,
COUNT .0,




(• TKIS ILOCI CALCULATES TCH ITE1ATIVELT •)
IEPEAT
TSH .PITCH.
C « 0 < N . P ) « 0 < N , P ) / F ( N . P ) - P V m C H , ( 2 0 - N ) ) « D ( H , T S H ) « D ( H , T S K ) / f ( H , T S H ) / A l f A ,
Cl .C«DD.
IF C K 0 . 3 THEN COTO 100,
IF CUO 0 THEN GOTO 200,
cc »( -o n«cc,
IF A B S ' . C O v f l 0 0 0 0 0 1 THEN COTO 2 0 0 ,
OD > - O D .
100 TCH t T C H » C C ,




:r tEstccMO ooooo: THEN INI =1
END,290 COUNT =:OWM,




































---) OPTimm CRITERION CANNOT IE SATISFIED <— '»,
---.> USE SINGLE INSULATION VITH THE LOWER CONDUCT.'VITY ( —'),
(« OTHER QUANTITIES OF INTEREST ARE COMPUTED IN THIS SECTION •)
I : r - A L F A « P V R ( T C H . ( N - l 0 ) ) « D ( N , P ) / D ( H , T S H ) .
I t l i / l . 0 . 1 1 ) ,
QKOT « ( l . a - P V R ( T S H , l f f t ) ) a t l 0 - I ) « K P 1 I ,
GCC:D t A L F A ' P V R ' . T C H . N P D M P V R l P . K F l i - l O l M P W I t T H O T , (H-Ni ) « I » « P l ) ,
S C O L D . Q C O L O / T C H .
STOTA; » ( F ! « . T S H ' ' ; : 0 - I ) 4 A L F A " P V 8 ( T C H , N ) « F ( N , P ) / I ) / » ! ,S:JH * 3Hc:-acoL2i T S H ,
:r «ro o Txi.iS«:N: =£a : . ; iK : S / T C H D
ti.;
IF NrO 0 THIS
SKIN2 =SOR:LNi. 0/TCHI)
ELS-




VliTELNC KUKBEB OF 1TEIAT10NS
V8ITELN'. COLD WALL ' HOT VALL TEHPERATVIE RATIO
V8ITELNC SHIELD I HOT VALL TEHPEgATUIE RATIO
VliTELNC SHIELD LOCATION
VR!TELN( HEAT OUT AT SHIELD
VRiTELN'.' HEAT OUT AT COLD VAIL
VRITEU! BEIT IN AT HOT VALL
VT.TUN; ExnopT PIOCDCTION IATE AT COLD VALL
VR:TELNC ENTROPT PIODUCTION IATE AT HOT VALL
VR:TE:N< DTTIOPT PRODUCTION IATE AT SHIELD
VliTELNC HlMIfflm UmiOPT PIODBCTION RATE IASCD ON (1*T"H
V I I T E L N t HINIHim ENT10PT PIODUCT10I IATE IASCD 01 I2'T««N
VI1TELNC TOTAL EKTIOPT PIODUCTION RATE
n i T E L N t ' EMTIOPT HOD V/0 SHIELD USED OK I1<T«P1
'.COWT I),
' ,TCH 14 4 ) ,
'.TSH H . i ) ,
' . X 1 4 • « ) .
'.QHOT-QCOLD H i ) ,
\QCOLD 14 4) ,
' .QHOT 1 4 4 ) ,
' .SCOLD U 4) ,
•,-OHOT 14 4) ,
' .SISH 14 4 ) .























H POWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE HOT SIDE
N POWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE COLD SIDE
ALFA — CK2*<M+l>a/CKl* (N-H>3
P SHIELD / COLD WALL TEMPERATURE RATIO* ALWAYS : 1
THOT — HOT WALL TEMPERATURE CK3
20.0 4.5 300.0
THERMAL CONDUCTIVITY OF THE INSULATION ON THE HOT SIDE IS K






NUMBER OF ITERATIONS = 36
COLD WALL / HOT WALL TEMPERATURE RATIO * 0.001666
SHIELD / HOT WALL TEMPERATURE RATIO » 0.007497
SHIELD LOCATION = 0.390755
HEAT OUT AT SHIELD = 0.820144
HEAT OUT AT COLD WALL = 0.000497
HEAT IN AT HOT WALL = 0.820641
ENTROPY PRODUCTION RATE AT COLD WALL » 0.298568
ENTROPY PRODUCTION RATE AT HOT WALL = -o.82064i
ENTROPY PRODUCTION RATE AT SHIELD = 109.396253
MINIMUM ENTROPY PRODUCTION RATE BASED ON K1*T**M * 3.680131
MINIMUM ENTROPY PRODUCTION RATE BASED ON K2*T*»N = 40.925828
TOTAL ENTROPY PRODUCTION RATE = 178.307751
ENTROPY PROD. W/0 SHIELD BASED ON K1«T*»M = 299.619216
ENTROPY PROD. W/0 SHIELD BASED ON K2*T»*N = 598.241762
TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0.
0.044 CP SECSr 10233B CM USED.
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A relatively simple method has been developed to optimize the location,
temperature, and heat dissipation rate of each cooled shield inside an
insulation layer. The method is based on the minimization of the entropy
production rate which is proportional to the heat leak across the insulation.
The results show that the maximum number of shields to be used in most
practical applications is three. However, cooled shields are useful only
at low values of the overall, cold wall to hot wall absolute temperature
ratio. The performance of the insulation system is relatively insensitive
to deviations from the optimum values of the temperature and location
of the cooling shields.
Design curves are presented for rapid estimates of the locations and
temperatures of cooling shields in various types of insulations, and an
equation is given for calculating the cooling loads for the shields.
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